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Introduction
Wind pollination (anemophily) has been reported in 18% of the world's angiosperm families, is the dominant pollination syndrome in some of them (Ackerman 2000) and appears to be well-suited to certain types of habitat. It is more common at higher latitudes and elevations, and in open-structured and floristically less diverse vegetation, e.g. savanna and deciduous forests (Whitehead 1969; Culley et al. 2002) . Wind pollination is also relatively more common in remote island floras, e.g., Hawaii and the Juan Ferna´ndez Islands (Carlquist 1966; Whitehead 1969 Whitehead , 1983 Regal 1982; Anderson et al. 2001; Bernardello et al. 2001) . Wind pollination is a relatively passive process controlled primarily by microclimate factors, and pollen transport is enhanced by attributes such as open vegetation structure, close spacing of conspecifics, the production of large numbers of pollen grains, the timing of pollen release, wind velocities and relatively low humidity and rainfall during flowering (Whitehead 1983) . Pollen transport is a function of wind velocity and the terminal velocity of a pollen grain, which is largely determined by pollen size (Whitehead 1969; Niklas 1985a ). Pollen export is maximised by having large, well-exposed anthers hanging on long filaments and the production of large quantities of small pollen grains, whereas pollen capture is enhanced by structures such as bracts and sepals which deflect air currents towards the stigma (Niklas 1985a,b; Niklas & Buchmann 1985; Honig et al. 1992) and exposed large, finely divided stigmas (Faegri & Van der Pijl 1979; Proctor et al. 1996; Friedman & Barrett 2009) .
Rainforests are often considered unsuitable for effective wind pollination because of low wind velocities caused partly by dense evergreen foliage, frequent rainfall and high humidity levels which reduce pollen transport distances, and vegetation structure and floristic diversity intercepts pollen travel (Whitehead 1969 (Whitehead , 1983 Friedman & Barrett 2009) .
The conifer/broadleaved (podocarp/angiosperm) rainforests of New Zealand are floristically diverse and primarily evergreen (Wardle 1991) with high humidity levels and rainfall which might render wind pollination ineffective in understory plants. For example, the annual rainfall in the Waikato region ranges from 1200 to 2400 mm (Waikato Regional Council 2011) . Despite this, there are a number of native, anemophilous shrub species, especially members of the genus Coprosma that are a conspicuous element in many of these forests.
Coprosma species are dioecious, which makes wind pollination even more challenging by increasing the required mean pollen transport distance. Although pollen limitation is thought to be mostly confined to animalpollinated plant species, wind-pollinated taxa can also be limited by a lack of pollen (Knapp et al. 2001; Kelly & Sork 2002; Koenig & Ashley 2003; Davis et al. 2004a,b; Friedman & Barrett 2009 ). Indeed, it has been suggested that pollen limitation in wind-pollinated species is one of the driving forces behind mast seeding, a characteristic of anemophilous trees that ensures better pollination by elevating pollen density in heavy flowering years (Nilsson & Wastljung 1987; Kelly 1994; Kelly et al. 2001; Koenig & Ashley 2003) . In small populations, pollination interactions may be weakened and reproductive opportunities reduced if individuals are mate-limited (Hackney & McGraw 2001; Dennis 2002) . For example, Nilsson and Wastjung (1987) reported pollen limitation in low-density populations of wind-pollinated Fagus sylvatica, and Allison (1990) found that reduced flower density in Taxus canadensis was also a contributing factor. When mate-finding efficiency is reduced because of low population density, an Allee effect can occur and the breeding system can influence the strength of the effect (Bessa-Gomes et al. 2004; Calabrese & Fagan 2004 ). An Allee effect has also been used to explain the benefit to individuals of the density of conspecifics (Stephens et al. 1999 ).
Gender dimorphism is common in windpollinated plants (Darwin 1877; Charlesworth 1993; Proctor et al. 1996; Friedman & Barrett 2009 ) and the sex ratio of populations of dioecious species has important consequences for reproduction (Delph 1999; Bessa-Gomes et al. 2004) . A critical determinant of seed set, therefore, is the density of conspecific flowers, specifically of male flowers in gender-dimorphic species (Friedman & Barrett 2009 ), however, the relationship between male flower abundance and fruit set does not appear to have been characterised for wind-pollinated species.
Because of its low stature, Coprosma spathulata presented an opportunity to study how reproductive success is influenced by conspecific density, floral abundance in males and habitat characteristics. This study follows on from an earlier investigation of fruit set in natural and manually crossed flowers in two C. spathulata study sites during 2002 in which a high level of pollen limitation was recorded in one population (Merrett et al. 2007) .
In this study, we investigate whether population density and habitat characteristics influence reproductive output in eight C. spathulata populations by asking: (1) how successful is wind pollination in this species; (2) is reproductive output affected by sex ratio, proximity of male plants, and male floral abundance; and (3) does the density of vegetation in the shrub layer influence fruit set?
Materials and methods

Study species
Coprosma (Rubiaceae) includes c. 100 species worldwide (Gardner 2002) and 50 species in New Zealand which are widely represented throughout the country (Allan 1961; Poole & Adams 1994; Parsons et al. 1998) . All species are dioecious and anemophilous (Webb et al. 1999) . Coprosma species occur in virtually every ecosystem from coastal to montane habitats and 22 species occur in forests, shrubland or scrub (Allan 1961; Poole & Adams 1994) .
Coprosma spathulata Cunn. is an understorey shrub mostly B2 m tall which grows in lowland native forests of the northern North Island of New Zealand from the Waikato region (378S) northwards (Allan 1961) . It is typically found in secondary, evergreen conifer/ broadleaved native forest (c. 50Á100 years old), usually under a shaded, but discontinuous canopy and mainly on ridges. It flowers during late winter and early spring (AugustÁ September). Each female flower has two ovules and two exserted papillate stigmas up to 1.5 cm in length. The male flowers have four anthers that hang from the corolla on long filaments. The four anthers dehisce simultaneously within a few hours of emergence from the bud, and each anther produces c. 30,000 pollen grains, thus the pollenÁovule ratio is high (Merrett et al. 2007 ). The fruit is a two-seeded, birddispersed drupe (Webb & Simpson 2001) .
Study sites
Field studies were carried out on C. spathulata populations of varying density in the Waikato region of the North Island of New Zealand during 2003. Eight 30 )30 m (900 m 2 ) plots were established within three native forests (Table 1) . Four plots (HK1ÁHK4) were in Hakarimata Scenic Reserve, an 1800-ha area of native forest that is part of the Hakarimata Range and is characterised by steep ridge and gully systems, extending 19 km in length and 374 m a.s.l. at its highest point (Department of Lands and Survey 1984). Plot KR was on the Karakariki Range, a southern extension of the Hakarimata Range and with similar geography, altitude and vegetation. Three plots (PM1ÁPM3) were located in Pukemokemoke Bush Reserve, a 40-ha hill country, forested remnant that rises to 166 m a.s.l.
Population and habitat characteristics
In August 2003, the location of all C. spathulata plants was mapped in each plot to establish population density, the gender of each flowering adult was recorded, open flowers on all male plants were counted, and distances between male and female plants were calculated. In the small, low-density plots, the plots were either positioned to include all plants in the vicinity and thus to include all the likely potential male pollen donors, or where this was not possible, we only monitored female plants that were not near male plants located outside the plots. In the two highest density plots (HK2 and PM1), all the males were mapped in the whole 30 )30 m plot, but the monitored females were all within the 10)10 m inner zone. Thus, in all cases, the femaleÁmale separation distances were not affected by unmapped male plants. The percent cover of vegetation in the shrub layer in each plot was estimated to assess whether there was any relationship between fruit set and vegetation density.
Fruit set and flowering
To measure natural fruit set, female plants in each plot were identified with numbered tags, and flowers and buds were counted on tagged branches. Fruit set was counted in December 2003 when the fruit were well developed, but not yet ripe. In total, 2910 female flowers on 83 plants were monitored for fruit set among the eight study populations (Table 1) .
As a proxy measurement of the density of pollen in the air, two or three (depending on availability) mature flowers were collected from each tagged female plant in each plot, mounted and stained on microscope slides with fuchsin gel (Beattie 1971) , and pollen grains were counted on each stigma using a compound microscope.
Flowering periodicity of plants of both sexes (five female and six male) was monitored on tagged branches in a representative plot (PM1). Initially, the number of buds on each branch was counted, with subsequent monitoring at 3Á4-day intervals. For females, opened flowers were counted and for males, unopened buds were counted. To monitor for Efficacy of wind pollination in Coprosma spathulata 39 agamospermy and compare rates of female flower longevity in bagged and unbagged buds, an additional set of mature flower buds was enclosed in cellophane bags to exclude pollen and at each visit, open flowers were counted. Cellophane bags were used to ensure no pollen contamination of treatment flowers, and pre-treatment trials showed no evidence of internal condensation.
Statistical analysis
The sex ratios in each population were analysed using exact binomial tests on the counts of male and female plants. Fruit set and pollen receipt were analysed at two levels. At the plot level, two-factor generalised linear models (GLMs) were used to estimate the effects of male plant density and shrub layer cover on plot mean fruit set (assessed with a binomial model) and on mean pollen receipt (log-transformed to improve normality). At the plant level, blocked GLMs were used to test the effects of distance to the nearest male plant on the mean number of pollen grains per flower (using a quasiPoisson model), and the effects of distance to the nearest male and pollen load on fruit set (again with a binomial model), using plots as blocks in both analyses. In order to characterise the relationships between pollen load and fruit set, and between these parameters and the distance to the nearest male irrespective of plot identity, logistic and quasi-Poisson regression coefficients were also estimated in singlefactor analyses. These analyses use type I sum of squares, so that the first entered term takes priority in explaining variation in the dependent variable, and subsequent terms attempt to explain any residual variation. The statistical programme R version 2.10.1 was used for all analyses.
Results
There was considerable variation in C. spathulata density among the eight study plots, ranging from 13 (KR) to 259 (PM1) flowering individuals (Table 1) . Populations were male-biased in seven of the eight plots, significantly so in four of them; males ranged from 28.6% (HK1) to 91.1% (HK2) ( Table 1) . Fruit set ranged from 15.8% in KR to 96.5% in HK4 (Table 1) . Male flower abundance also varied widely, ranging from 66 flowers in KR to 3379 flowers in PM1 (Table 1 ). The two populations with the lowest fruit set also had the lowest number of male flowers (Fig. 1A) . The shrub layer was variable among plots and ranged from 25% (HK3) to 95% (KR) ( Table 1) . Among all plots, pollen receipt and fruit set both increased significantly with male flower abundance and, having allowed for this effect, decreased significantly with the percent of shrub cover (Figs 1AÁ1D, Table 2 ). The two plots (HK1 and KR) with the lowest population density and lowest male flower abundance had the lowest fruit set, 15.8% and 33%, respectively (Table 1) .
The mean number of pollen grains per flower (two stigmas) ranged from 2.1 in KR to 36.4 in HK2 (Fig. 2) . Much of the variation in pollen load and fruit set was at the plot level (Fig. 2, Tables 3, 4 ) reflecting the variation in mate availability among plots and likely dampening effects of the shrub layer, but even after allowing for plot effects, there was still a local effect of distance to the nearest male plant on fruit set (Table 4 ) and a marginally nonsignificant effect on pollen receipt (Fig. 3A , Table 3 ). The two plots with the lowest mean fruit set, male flowers and pollen load on flowers (HK1 and KR) also had the greatest density of vegetation in the shrub layer ( Figs 1DÁ1F, Table 1 ).
Because we wanted to examine the effects of local pollen supply on reproductive performance we also modelled the effects of isolation on pollen receipt and fruit set irrespective of plot using single-factor regressions (Fig. 3) . Although most plants received multiple pollen grains per flower (median across all plots, 19.9) and had high fruit set (median 72.4%), some plants were much more pollen limited. Plants with fewer than c. 10 pollen grains per flower or more than c. 7 m from the nearest male plant were much more likely to have low fruit set. Plants at 10Á16 m distance had between 10% and 30% fruit set (Fig. 3) .
Flowering duration was spread over a sixweek period in both male and female plants in plot PM1, with mean peak flowering in females occurring c. 15 days from the start of flower opening (Fig. 4) . In male plants, there was an initial rapid burst of flowering (half the buds had opened by c. 12 days from first opening), followed by a steady reduction in the number of unopened buds. Bagged female flowers remained open and presumably receptive for considerably longer than unbagged flowers so that apart from the first count, all subsequent counts showed a significantly larger proportion of flowers in bags compared with the unbagged (Fig. 4) . Many (52%) of the original bagged buds remained in an open-flower state when the experiment was terminated after six weeks at the end of natural flowering; unbagged flowers had all senesced by this time.
Discussion
The results of this study show that in general, anemophily is an effective pollination strategy in C. spathulata, albeit prone to reduced fruit set at low pollen density, and subjected to probable dampening effects from dense vegetation in the shrub layer. The generally high fertilisation rate in female plants, despite its relatively low stature is attributable to several features of the pollination system; male-biased sex ratios in most plots, high pollen production, low ovule number per flower, a relatively large stigmatic surface and delayed senescence of female flowers that are not immediately pollinated. Further investigation into delayed senescence of bagged female flowers compared with those manually pollinated before bagging would help confirm this as a reproductive assurance strategy. However, the same phenomenon was also noted in the dioecious, wind-pollinated Macropiper excelsum, but Efficacy of wind pollination in Coprosma spathulata 41 42 MF Merrett and AW Robertson not in any animal-pollinated, dioecious taxa (Merrett 2006) .
All but one of the plots had 50% males, and in one case the proportion of male flowering plants was over 90%. Male-biased sex ratios are common in dioecious species (Delph 1999) , and usually develop post-fertilisation as a result of factors such as higher costs of reproduction and consequently higher rates of mortality in females (Lloyd & Webb 1977) and greater rates of herbivory affecting female plants (Å gren et al. 1986 ). Whatever the cause in this case, the high density of male plants combined with male floral abundance and high pollen counts per flower raises pollen density.
In C. spathulata, the pollen production of each flower is c. 120,000 grains (Merrett 2006) and because there are two ovules, the pollenÁ ovule ratio (P/O) is consequently very high at 60,185 (Merrett et al. 2007 ). P/O values are considered an indicator of the efficiency of pollen transfer, therefore very high P/O values in C. spathulata suggest inefficiency (Cruden 1977) . The P/O of C. spathulata is substantially above the median value for other wind-pollinated species (22,150) (Cruden 2000) , and the effective ratio may be even higher since in most of the study populations male plants outnumber female plants.
Each C. spathulata ovule is served by a densely papillate stigma with a relatively large stigmatic surface. Assuming a cross-section of c. 2 mm diameter, the surface area of each stigma is 1 cm 2 , even without allowing for the papillae. Long feathery stigmas are common in wind-pollinated plants (Whitehead 1969; Ackerman 2000) , but this is a large surface area for an anemophilous plant and Note: We fitted an interaction term in both cases, but Akaike information criterion suggested that it should be dropped for the pollen load analysis. Analysis of deviance was computed using type I sum of squares. Efficacy of wind pollination in Coprosma spathulata 43 unusual outside cereals like maize which have very long stigmatic tassels. The female flowers are also unusually long-lived and, as shown by the bagging experiments, can remain open for several weeks if pollination does not occur, thus increasing the chance of eventually trapping sufficient pollen to set seed. Delayed senescence of unpollinated flowers appears to be common in animal-pollinated plants (Primack 1985; Ashman & Schoen 1994) and presumably gains reproductive assurance at the expense of maintaining flowers in receptive condition (Ashman & Schoen 1994) , but to our knowledge it has not been previously reported as a tactic to increase pollination efficacy in wind-pollinated plants.
Despite these features that assist pollination efficiency, fruit set is not uniformly high in C. spathulata. The plot with a female-biased population and the plot with 95% shrub cover had the lowest mean fruit set, and isolated females were strongly pollen limited. Significant pollen limitation has been shown previously with hand-pollinations in two populations of this species (Merrett et al. 2007) . Allee effects are limitations on reproduction that occur at low population densities, and they arise in C. spathulata because low fruit set indicates pollen limitation in isolated females. Pollen limitation is experimentally tested by a comparison of supplemental hand-pollination with natural pollination to distinguish resource limits to seed production versus limits due to pollen supply (Bierzychudek 1981; Ashman et al. 2004 ), but few such tests have been performed in wind-pollinated shrubs (Knight et al. 2005; Friedman & Barrett 2009) .
In wind-pollinated trees, pollen limitation has been inferred by the identification of significant correlations between seed set and either tree density or nearest-neighbour distance in Taxus canadensis and Pinus contorta (Smith et al. 1988; Allison 1990) . Similarly, reduced population densities and insufficient pollen supply increased the risk of reproductive failure in two oak species (Quercus douglasii, Q. lobata) (Knapp et al. 2001; Kelly & Sork 2002) . Among herbs, Steven and Waller (2007) found that seed set was reduced with increased pollen donor distance in low-density populations of two Thalictrum species, but not in highdensity populations. However, some studies have found no effect of male density on fruit set (Berry & Gorchov 2004) .
This study allows identification of the density threshold below which Allee effects become important. Coprosma spathulata females at more than c. 10 m from the nearest male had very low fruit set. Similarly, work on the dioecious Rumex nivalis showed that seed set was sensitive to increasing distance to males Note: Changing the order of the pollen load and distance in the analysis makes no important difference to the model and the significance of each factor. Analysis of deviance was computed using type I sum of squares. C Figure 3 Relationships between the distance to the nearest male plant, pollen receipt on individual flowers (two stigmas) and fruit set in the 83 female Coprosma spathulata plants. A quasi-Poisson regression is fitted to the pollen receipt data and logistic regressions are fitted to the fruit set data. A, Pollen grains versus distance to male (P B 0.001). B, Fruit set versus distance to male (P B 0.001). C, Fruit set versus pollen grains (P B 0.001).
Efficacy of wind pollination in Coprosma spathulata 45 at local scales of B2 m (Stehlik & Barrett 2006; Stehlik et al. 2008; Friedman & Barrett 2009 ). These patterns suggest that the colonisation and establishment of new populations may be difficult while plant densities remain low (Smith et al. 1988; Stevenson 2007) . For dioecious species such as C. spathulata to overcome Allee effects, males need to be present in close proximity to females and produce abundant pollen. Allee effects like this were identified as retarding the rate of invasion of Spartina alterniflora in estuaries which was slow until vegetative spread of colonists was sufficient to raise pollen densities (Davis et al. 2004a; Taylor et al. 2004 ).
Seedlings were recorded in all of the C. spathulata study plots (Merrett 2006) indicating that even when fruit set was low, there is potential population recruitment from previous reproductive success, and there was suitable habitat for seed germination and establishment. However, ongoing monitoring would be required to determine their long-term survival.
An alternative strategy isolated females can adopt is agamospermy (Baker 1955) , but since this only clones more females, it will not restore sexual reproduction in the absence of males, and apomixis remains rare in dioecious plants (Dupont 2002) . colleagues (2002, 2003) have found evidence for agamospermy in other New Zealand Coprosma species but there is no evidence that it occurs in C. spathulata.
Native forest succession after disturbance leads to increasing species diversity and abundance in the ground and shrub layer (Wardle 1991) . For understory, wind-pollinated taxa such as C. spathulata, as well as other forestdwelling Coprosma species, the density of the vegetation in the shrub layer is likely to have a negative impact on pollen transport; wind velocity would be reduced and stems and leaves would intercept pollen grains, resulting in lower fruit set. The habitat itself might also become increasingly less likely to have open areas suitable for seed germination unless further disturbance events such as tree fall, opened new habitat for colonisation. An investigation into environmental variables such as temperature, humidity, rainfall, and wind direction and velocity in relation to fruit set in individual female plants and pollen transport in males could be useful in identifying whether these factors also influence variation in reproductive output in this species. We have shown that although C. spathulata lives in an unpromising habitat for wind pollination, floral characteristics and flowering behaviour ensures it is surprisingly successful.
